• Top-down and bottom-up approaches provided consistent estimates of forest C fluxes.
• Including the C flux to mycorrhizal fungi improved agreement among approaches.
• Interannual variation in growing season C uptake was correlated to spring climate.
• Interannual variation in wood growth was not related to carbon supply.
Abstract
Despite decades of research, gaining a comprehensive understanding of carbon (C) cycling in forests remains a considerable challenge. Uncertainties stem from persistent methodological limitations and the difficulty of resolving top-down estimates of ecosystem C exchange with bottom-up measurements of individual pools and fluxes. To address this, we derived estimates and associated uncertainties of ecosystem C fluxes for a 100-125 year old mixed temperate forest stand at the Bartlett Experimental Forest, New Hampshire, USA, using three different approaches: (1) tower-based eddy covariance, (2) a biometric approach involving C flux measurements of individual ecosystem subcomponents, and (3) an inventory approach involving changes in major C stocks over time. Our analysis made use of 13 years of data, collected over the period from 2004 to 2016.
Estimates of mean annual net ecosystem production (NEP) ranged from 120 to 133 g C m −2 , demonstrating strong agreement among methods and suggesting that this aging forest acts as a moderate C sink. The use of multiple approaches to measure C fluxes and their uncertainties helped place constraints on difficult-to-measure processes such as aboveground contributions to ecosystem respiration and belowground allocation to mycorrhizal fungal biomass (which was estimated at 20% of net primary production).
Analysis of interannual variability in C fluxes revealed a decoupling between annual wood growth and either current year or lagged NEP or GPP, suggesting that source limitation (C supply) is likely not controlling rates of wood production, at least on an interannual scale. Results also demonstrated a strong association between the maximum rate of C uptake during the growing season (Amax) and the length of the vernal window, defined as the period of time between soil thaw and the onset of photosynthesis. This suggests an important, but poorly understood, influence of winter and spring climate on mid-summer canopy physiology. Efforts to resolve the mechanisms responsible should be prioritized in light of ongoing and predicted changes in climate for the northeastern U.S. region, particularly during the winter and winterspring transition period.
Introduction
Forests represent the dominant land cover type in the northeastern United States (Foster and Aber, 2004) and are widely regarded as carbon sinks given their state of recovery from widespread agriculture in the 19th century (Caspersen et al., 2000; Goodale et al., 2002) . However, the ability of these aging secondary forests to continue to act as net carbon sinks as they transition to late-successional stands is unclear. Although a commonly accepted view is that old-growth forests are carbon neutral (Odum, 1969) , more recent reviews indicate that late successional forests can often act as net carbon sinks (Luyssaert et al., 2008) . Additional data on the net carbon flux of eastern North American forests should improve our understanding of the ability of these forests to continue to act as net carbon sinks. Approaches to estimating net C exchange in forests include eddy covariance flux towers, biometric estimates of growth and respiration, and changes in important C stocks over time. Each of these has inherent strengths and limitations. Eddy flux towers provide direct measurements of net CO2 exchange at high temporal resolution, but can suffer from unquantified advective losses (e.g. Aubinet et al., 2012; Novick et al., 2014; van Gorsel et al., 2009; Vickers et al., 2012) , data gaps during calm periods, and non-CO2 C fluxes. Eddy flux measurements also lack information on how C is allocated to various ecosystem components (e.g. foliage, wood, fine roots, mycorrhizal fungi), that possess a range of functions and C residence times and that are required to more fully test ecosystem models.
Biometric approaches that quantify the difference between net primary production (NPP) and heterotrophic respiration (Rh), can provide independent estimates of net ecosystem C exchange and can shed light on how C is allocated among various pools. However, this requires estimates of difficult-to-measure fluxes (e.g. belowground biomass production), which can introduce substantial uncertainties (Clark et al., 2001) Estimating net C exchange from changes in major C stocks offer yet another approach, the benefits of which include its straightforward nature and lack of reliance on difficult-tomeasure fluxes. However, belowground C pools are large and notoriously variable, making change detection extremely difficult (Vadeboncoeur et al., 2012) . And, on its own, this method doesn't offer insight into mechanisms or subcomponent C fluxes.
Consistency between top-down and bottom-up C quantification approaches can greatly enhance confidence in estimates of an ecosystem's C balance. Taken together, data from multiple approaches can also provide estimates on a full suite of ecosystem C fluxes to which ecosystem models can be more thoroughly compared.
Here we used multiple methodological approaches to compile a comprehensive carbon budget for an aging (100-125 year old) mixed temperate forest in New England (Bartlett Experimental Forest, NH). This included a comparison of net and gross ecosystem C fluxes using 3 complementary approaches (eddy covariance, biometric estimates of NPP and Rh, and a modified C inventory approach) for 13 years (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) of data.
We included estimates of uncertainty for all three approaches, and highlight how the comparison of several independent methodological approaches provided more confidence in estimates of difficult-to-measure respiratory and belowground fluxes.
Finally, drivers of interannual variations of C fluxes were evaluated by comparing net ecosystem production (NEP), gross primary production (GPP), ecosystem respiration (Re), and wood growth to an array of climatic, phenological, and biological variables.
Methods

Site description
Bartlett Experimental Forest (BEF) (44°06′N, 71°3′W) is located within the White Mountain National Forest in north-central New Hampshire, USA (Fig. 1) . The climate is humid continental with cool summers (mean July temperature, 19 °C) and cold winters (mean January temperature, −9 °C). Mean annual temperature is 6 °C and mean annual precipitation is 1270 mm (for additional site information, see http://www.fs.fed.us/ne/durham/4155/bartlett.htm). The forest within the eddy covariancetower footprint was cutover circa 1900 and some areas were damaged by the 1938 hurricane. In the past decade there has also been small-scale forest management just outside the tower footprint, but mean stand age is roughly 100-125 years. Average canopy height is approximately 20-22 m within the tower footprint and is composed of a diverse assemblage of species including Acer rubrum (29%), Fagus grandifolia (25%), Tsugacanadensis (14%), Betula alleghaniensis (9%), Betula papyrifera (6%), Fraxinus americana(5%), Acer saccharum (5%), and Populus grandidentata (4%), with minor amounts of other coniferous species. Soils are generally acidic Spodosols and Inceptisols derived from granitic till, and poor in both Ca and P (Vadeboncoeur et al., 2014) . Foliar N and ecosystem N cycling rates are both low relative to other mixed hardwood sites in the region (Ollinger et al., 2002) .
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2. Download full-size image BEF is also a NEON relocatable site (construction began in the summer of 2013) and the new flux tower is located within 100 m of the existing flux tower.
Eddy covariance estimates of C flux and uncertainty
The eddy covariance system provides direct measurements of the net ecosystem exchange rate of CO2 between the forest canopy and the atmosphere (NEE).
Eddy covariance estimates of NEE, after accounting for a change in sign, are equivalent to net ecosystem production (NEPEC) assuming that sources and sinks of inorganic C are negligible (Chapin et al., 2006) . Half-hourly NEE data were filtered to remove time periods with low atmospheric turbulencewhere advective losses were likely significant similar to Barr et al. (2013) .
Following this approach a median ustar threshold of 0.50 ± 0.10 was detected and used across all seasons and years. Gaps in NEE were filled using the (Barr et al., 2004) Fluxnet-Canada method (FCM) with slight modifications, including: mild exclusion of NEE outliers; use of a weighted mean of soil and air temperature as the independent variable for estimating Re; and delineation of nighttime periods from global shortwave radiation of less than 5 W m 2 . Random uncertainties in NEE were estimated following (Richardson and Hollinger, 2007) . NEE was partitioned into gross primary production (GPPEC) and total ecosystem respiration (ReEC) using the FCM method.
Further details of the gap-filling an partitioning methods used are presented in Barr et al. (2013) .
Biometric estimates of carbon fluxes with uncertainty
In addition to eddy covariance, we used measurements of individual ecosystem components to make biometric estimates of gross and net carbon fluxes. For biometric estimates of NEP, (NEPB), we subtracted heterotrophic respiration (Rh), including respiration from dead woody biomass (RDW), and the heterotrophic portion of soil respiration (RSH), from total net primary production (NPP), including NPP from foliage, aboveground woody tissues, understoryproduction, fine and coarse roots, and mycorrhizae (Table 1) . We also calculated biometric estimates of gross primary production (GPPB) and ecosystem respiration (ReB). GPPB was calculated by summing all sources of NPP, with all sources of autotrophic respiration, including autotrophic respiration from foliage, aboveground wood, and the autotrophic portion of soil respiration (Table 1) . Biometric estimates of ReB were calculated by summing all sources of heterotrophic and autotrophic respiration including total soil respiration, respiration from coarse woody debris and standing dead wood, as well as from foliar and woody tissues. footprint around the flux tower. We followed established methods for estimating woody biomass and production (Clark et al., 2001; Curtis, 2008) , litterfall and branchfall (Bernier et al., 2008) , and biomass of coarse woody debris (Valentine et al., 2008) .
In each of the 48 subplots within the 1 km To calculate the NPP of live woody tissues (both large and small trees), estimates of live woody biomass of the previous year were subtracted from current year estimates, while holding the dbh of any trees that died throughout the study period constant at the last live measurement as recommended in Clark et al. (2001) . Above and belowground woody NPP and associated uncertainty were then calculated using a Monte Carlo simulation approach similar to that described by Yanai et al. (2010) . This approach estimates the statistical distribution of the output of a calculation through multiple iterations in which the input data are chosen randomly based on their underlying distributions. Specifically for each iteration the measured diameter of each tree was allowed to vary randomly with a normal distributionusing standard deviation (s.d.) of 0.1 cm. The percent carbon (%C) of woody material was varied randomly for both hardwood species (mean of 48% and s.d. of 1%) and for coniferous species (mean of 50% and s.d. of 1%). Because many allometric equations lack estimates of error, we simulated uncertainty due to allometric modeling by randomly selecting between 3 different sets of allometric models. Two local species specific allometric models (Whittaker et al., 1974; Young et al., 1980) , and one set of generalized (taxonomically grouped) allometric models (Chojnacky et al., 2014) were chosen randomly for each iteration. For each iteration, %C and choice of allometric model were held constant for all years. The mean and 95% confidence interval of 1000 iterations were used to derive NPP (difference between current and previous year woody biomass), and associated uncertainty measurements for each subplot for each year. Uncertainties from the Monte Carlo simulations were propagated with spatial (plot to plot) and temporal variability using classical error propagation techniques (see Section 2.6.).
Annual branchfall collections were used to calculate a mean estimate of the contribution of branchfall to woody carbon flux, while annual foliar and fruit/flower collections were used to calculate a mean estimate of carbon flux to foliar/fruit/flower production.
Branchfall (<5 cm diameter) was collected once per year in October, using one annual biomass collections were multiplied by the mean %C (49%). Uncertainty due to %C, spatial variability, and temporal variability were summed using standard error propagation techniques (using a 2% standard error for %C) and reported as 95% confidence intervals.
The contribution of understory production to total NPP was estimated using allometric models and annual seedling surveys on 2 m diameter microplots in each of the 48 subplots, following methods described in (Chojnacky and Milton, 2008) . Uncertainty due to spatial and temporal variation as well as uncertainties in %C were propagated using standard techniques.
Belowground production
Production of fine roots (<2 mm diameter) was estimated using ingrowth cores. Within the tower footprint, 90 individual year-long (late October 2013-late October 2014) cores were installed to 30 cm depth. Total root mass per area found in the ingrowth cores was assumed to represent annual fine root production. Estimates were not corrected for the tendency of cores to overestimate root biomass or to account for root growth below production; Park et al. (2007) found that in stands at Bartlett Experimental Forest cores tended to overestimate by 27% (compared to soil pits) while sampling to only 30 cm led to a 28% underestimate of root biomass. Uncertainty due to spatial variation and %C (49% ± 2%), were propagated using standard error propagation techniques.
Estimates of ectomycorrhizal (ECM) fungal production were made using a stable isotopeapproach described in (Hobbie and Hobbie, 2008; Ouimette et al., 2013) . Briefly, (
The amount of C allocated to ECM fungal biomass can then be calculated stoichiometrically (Eq. (2)) using the fraction of N transferred to plant host (Tr), plant host N demand, and the C:N ratio of fungi as:
where Ndemand is annual plant N demand, C/Nfungi is the C/N ratio of ECM fungi, and fECM is the biomass fraction of ECM trees within the stand. Here we used the δ 15 N of co-located (by depth) root and soil samples to calculate Tr, and net annual changes in foliar, wood, and fine root N stocks to calculate plant N demand.
As an alternative approach to assess our estimates of mycorrhizal production we compared biometric estimates of NEP to estimates of NEP from eddy covariance and C inventory approaches. Specifically, production of mycorrhizal fungi was initially included as a component of NEPB (NEPB was calculated as total NPP minus the heterotrophic portion of ecosystem respiration - Table 1) . We additionally calculated NEPB omitting our measured mycorrhizal fungal C flux. To do this we ran Monte Carlo simulations (10,000 iterations) to calculate NEPB, allowing estimates of each component of NPP and
Rh to vary with their measured/estiamted distributions (similar to Yanai et al., 2010) .
Estimates of NEPB that both included and omitted our estimate of mycorrhizal NPP were compared to NEP estimates from eddy covariance and C inventory approaches.
Additionally, we estimated total belowground carbon allocation (TBCA) using the mass balance approach described in Raich and Nadelhoffer (1989) and Davidson et al. (2002) . Specifically, TBCA was estimated as the difference between total soil respiration and fine litterfall. This approach assumes that changes in the stocks of soil organic matter, roots, and litter are in near steady state or small relative to soil respiration and litterfall.
Soil respiration
Soil respiration was measured using infra-red gas analyzers ( ).
During 2007-2008 five autochambers were operated on a single plot continuously during the snow-free periods of the year (>5600 measurements) following methods described in .
To derive annual soil CO2 flux estimates for both static and autochambers, measured CO2flux rates from the chambers were fit using a Gauss-Newton optimization method in JMP 13.0 statistical software (SAS 2016) , to a suite of respiration models (Richardson et al., 2006) ). All post-collection soda lime weights were blankcorrected using the mean of 6 field blanks prior to flux calculation. Because estimates of winter respiration using the soda lime technique (data not shown) were similar to those estimated using a logistic fit from chamber measurements, soil CO2 flux during winter months was estimated using the logistic temperature response model described above.
To scale up to the forest stand, chamber-based soil CO2 flux measurements were corrected for the area occupied by rocks and tree root crowns (roughly 13%) similar to . Uncertainty was estimated by propagating uncertainty due to soil rockiness, model fit, as well as spatial and temporal variability.
Partitioning Rs into autotrophic and heterotrophic components
No attempt was made to directly measure the contribution of autotrophic (RSA) or RSH were used to estimate uncertainty in RSH and RA and reported as 95% confidence intervals as described above. As an additional approach to help assess the uncertainty in estimates of RSH, we estimated RSHindependently by summing all detritus inputs (branchfall, foliar litterfall and root and mycorrhizal production) following (BondLamberty et al., 2004) . This independent approach was compared to estimates of RSH using the partitioning method described above.
Respiration from woody biomass
To estimate annual respiratory losses from dead woody material, estimates of dead woody C stocks were multiplied by the mean decay rate for hardwood species from Russell et al. (2014) (hardwood species comprised 97% of the standing dead woody biomass pool). Dead woody biomass was assumed to have 49% C (Thomas and Martin, 2012 ) with a standard error of 2%. Uncertainty due to initial estimates of dead woody biomass, %C, and decay rates from Russell et al. (2014) were propagated using standard error propagation techniques and reported as 95% confidence intervals.
No direct measurements of respiration from live woody biomass were made. Instead, we used two approaches to estimate losses of CO2 from live woody biomass. First, to derive a "biometric" estimate that was independent of eddy covariance measurements, live woody respiration was assumed to be equal to 0.118 of biometric GPP, the median ratio of woody respiration to GPP of mature and old growth forests (>50 years old; n = 16) reported in the database of (Litton et al., 2007) . Uncertainty was reported as 0.75 of the mean annual flux.
Additionally, we derived estimates of aboveground respiration (including foliage and live and dead woody biomass) as the annual difference between eddy covariance estimates of ecosystem respiration and soil respiration from chamber measurements.
Foliar respiration
Dark respiration for live foliage was estimated using species-specific leaf-level measurements of dark respiration and scaled to the stand and annual scales using estimates of stand leaf area index (LAI) and a temperature sensitive Q10 response function. Specifically, gas exchange measurements of dark respiration were conducted during August of 2014 and July/August of 2016 on cloud-free days between 1000-1500 EST using a portable gas exchange system (LICOR-6400xt, LICOR, Lincoln, NE, USA), equipped with a standard 2 × 3 cm leaf cuvette and a LICOR-6400-02B LED light source. During measurements [CO2] was maintained at a value of 400 ppm, relative humidity at 50%, and temperature held constant at a temperature of 24.5 °C (reference temperature). Species-specific estimates of foliar dark respiration (n = 75 across all species) were then weighted by the fractional contribution of each species to stand LAI to derive a stand-level dark respiration rate at the reference temperature (Rdref).
A Q10 response function (Eq. (3)) was used to estimate dark respiration rates at temperatures other than the reference temperature using Rdref and half hourly Because the Q10 temperature response function of foliar dark respiration is known to vary over short timescales with changes in ambient temperature, Q10 was allowed to vary with ambient temperature following (Tjoelker et al., 2001 ; Q10 = 3.22-0.046 * air temperature). Annual stand-level foliar dark respiration rates were then made by multiplying temperature adjusted dark respiration rates by estimates of stand LAI summing half hourly estimates.
Uncertainty due to variation in leaf-level dark respiration rates, as well as uncertainty in estimates LAI and the temperature response function reported in (Tjoelker et al., 2001) were quantified using Monte Carlo simulations as described above where estimates of each parameter were allow vary with their measured distributions.
Changes in carbon stocks (ΔC)
To complement eddy covariance and biometric estimates of NEP, we estimated the mean annual change in total ecosystem carbon stocks (ΔC) using a modified carbon inventory approach. Inventory approaches rely on knowing the carbon stock of various ecosystem pools at two points in time. In closed-canopy forest stands, the pools of primary importance are live and dead woody biomass, as well as soil carbon. Here we focus on changes in woody carbon stocks and assume that changes in soil carbon stocks were minimal as was found from measurements at mature stands in nearby Hubbard Brook Experimental Forest (Yanai et al., 2013) . Changes in soil carbon stocks would be very difficult to detect over a 13 year study period (Vadeboncoeur et al., 2012) . Instead, in these mature (100-125 year old) stands we assumed that there was little to no net change in annual soil C stocks; however, we included an uncertainty of ± 40 g C m −2 yr −1 (Post and Kwon, 2000) .
To estimate changes in woody carbon stocks, we used a modified inventory approach.
First, in 2004, we made initial measurements of standing live and dead woody biomass using the allometric approach described above (Section 2.3.1), except that standing dead woody biomass was adjusted using species-and decay-class specific density reduction factors from Harmon et al. (2011) , and structural loss adjustment factors from Domke et al. (2011) . In 2004 we also made estimates of dead woody biomass in coarse woody debris (CWD) using field surveys. For all downed woody material >7.6 cm, estimates of CWD decay class and volume were estimated using 3 methods: Because we had only a single measurement of standing dead biomass and CWD in 2004, we estimated changes in dead woody biomass using annual inputs to the dead woody pool (from known live tree death and measured branchfall), while accounting for loss of carbon through decay from standing and downed dead wood using a decay rate of 0.0467 (the weighted average of the rates reported in Russell et al. (2014) for hardwoods and conifersbased on the proportion of standing dead wood in our plots). To derive the mean annual change in total ecosystem carbon stocks (ΔC) we assumed the predominantly angiospermwoody biomass was comprised of 49% C with a standard error of 2% (Thomas and Martin, 2012) . Uncertainty due to initial estimates of dead woody biomass, %C, and decay rates from Russell et al. (2014) , and the assumption of no changes in soil C stocks were propagated using standard error propagation techniques and reported as 95% confidence intervals.
Potential drivers of interannual variability
To investigate the potential drivers of interannual variation in woody NPP, NEE, GPP, and Re, we used a suite of meteorological and phenological parameters measured at the flux tower including incoming total, direct, and diffuse photosynthetically active radiation (PAR), air and soil temperature, soil thaw day, precipitation, relative humidity, vapor pressure deficit, soil moisture content, the length, start and end dates of periods of gross and net carbon uptake, as well as the length of the vernal windowdefined here as the number of days between soil thaw and the onset of gross carbon uptake (where mean daily GPPECaveraged over a 7 day period, exceeded 4 umoles CO2 m −2 sec −1 ). We also calculated a drought index by counting the number of growing season days where the volumetric water content (VWC) was less than 17.5%; a value that represented 50% of the growing season mean during 2004-2016. In addition to these meteorological and phenological parameters we collected data on biochemical and biological parameters including annual concentrations of foliar nitrogen (estimated following Smith et al. (2008) ) and masting years from Potter et al. (2015) . Annual estimates of growing season canopy level Amax and dark respiration (Rd) from the eddy flux data were estimated using a light response curve (Eq. (4)). For this analysis, all high-quality (ustar-filtered, non-gapfilled) measurements of half hourly NEP during JuneAugust were used with measured PAR to estimate model parameters (e.g. Amax, Rd).
(4)NEP=a*PAR1-PAR2000+a*PARAmax-Rd where PAR was the measured incoming photosynthetically active radiation and a was the quantum yield.
Both current year and 1 year lagged annual and seasonal data from these metrics were compared to measured C fluxes using stepwise linear multiple regression analysis with AIC (Akaike information criterion) to identify significant relationships.
Statistical methods and uncertainty propagation
To combine estimates of uncertainty from various sources (e.g. temporal, spatial, analytical, etc.) standard uncertainty propagation techniques were used. Specifically, to add sources of uncertainty the following approach was taken:
Where SE is standard error of component x, y, or (x + y). 95% confidence intervals were then estimated as 1.96 * SE. Table 1 and include components of NPP, respiratory fluxes, and estimates of NEP, GPP, and Re. Mean (2004 -2016 Estimates of the uncertainty due to potential biases in the selection of a ustar filter were not included and would increase the reported uncertainty (Fig. 2) . Uncertainty in biometric estimates of NEP are largely driven by uncertainties in fine root and mycorrhizal NPP as well as the heterotrophic portion of soil respiration (17%, 36%, and 42% of total error respectively).
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2. Download full-size image Fig. 2 . Plot of the percent of available nighttime data during the growing season (circles) and mean annual ecosystem respiration (triangles) with changes in ustar, highlighting the tradeoff between data quantity and data quality at BEF.
Because estimates of the production of mycorrhizal fungi are lacking from many forest C budget efforts, we also used Monte Carlo simulations to calculate NEPB excluding our mycorrhizal C flux estimates, using only mean fluxes and uncertainty from the other components of NEPB. Excluding our estimates of mycorrhizal production resulted in , respectively, and, along with coarse woody roots, resulted in a belowground production estimate that was 44% of total NPP. Uncertainties in estimated belowground C fluxes to mycorrhizae are unknown, but are likely to be large. If we set this value at 75% of our measured estimate, then uncertainties in belowground fluxes (including fine root production) accounted for 94% of the uncertainly in total NPP.
Respiratory fluxes
Estimates of autotrophic and heterotrophic components of soil CO2 flux, as well as respiration from woody biomass and foliage are shown in Table 1 ; .
The heterotrophic portion of soil respiration (using the partitioning approach described above) was estimated at 434 ± 101 g C m . This value is within the uncertainty but lower than our estimates of RSH using the partitioning approach. In the ecosystem is roughly in steady state with regards to soil inputs and outputs, then estimates of RSH made by summing detrital inputs are likely underestimates because they exclude inputs from incorporation of CWD and root exudates. Heterotrophic respiration from aboveground dead woody biomass was estimated at 61 ± 12 g C m , or ∼30% of ReEC (Fig. 3a) . In comparison, the sum of our estimates of aboveground live foliar and woody autotrophic, as well as dead woody heterotrophic respiration from biometric estimates totaled 363 g C m −2 yr −1 , roughly 31% of ReEC.
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2. Download full-size image Fig. 3 . A) Mean daily CO2 flux by day of year for ecosystem respiration (ReEC), soil respiration (Rs), and respiration from aboveground components of the ecosystem (Rabv); B) Ratio of Rabv to Rs by day of year.
Interannual variation and climate drivers
Considerable interannual variation in several meteorological and phenological variables occurred over the 13 year period (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) used to calculate mean C fluxes. For example, mean annual air temperature varied by nearly 2 °C, mean spring (Julian days 76-135) and early summer (Julian days 136-215) air temperatures by more than 3 °C, and mean winter air temperature by more than 6 °C. Variables related to the start of the growing season also differed significantly over the 13 year period with variations in soil thaw day of more than a month, the onset of gross carbon uptake by more than 2 weeks, and the length of the vernal window by more than 5 weeks. In addition, growing season precipitation ranged from 279 to 680 mm, while the number of growing season days with a mean volumetric water content (VWC) less than 17.5% ranged from 0 to 42 days per year.
Interannual variation in eddy covariance estimates of GPP, Re, and NEP during this 13-year period varied by ±9%, ±12%, and ± 80% around their means, respectively. We used stepwise multiple regression and model averaging to identify the phenological and meteorological parameters that were most strongly related to interannual variation in C fluxes (e.g. Hui et al., 2003) . Using simple regression approaches, a majority of the interannual variation in GPPEC were captured using a two-parameter model (r 2 = 0.83 p < 0.0001) that included growing season soil temperature (negative correlation) and total incoming PAR during the growing season (positive correlation) -the two parameters that were used to parameterize the gap filling models employed for ReEC and GPPEC, respectively. Similarly, interannual variation in ReEC was most strongly related to fluctuations in mean annual soil temperature (positive correlation).
Because of the predominance of gap-filled estimates in computing annual sums, we took a second approach to assess potential controls on interannual C flux variability using only high quality, half-hourly NEE data to parameterize a simple Michaelis-Menten light-response model. Interannual variation in modeled parameter estimates of canopy level maximum gross carbon uptake (Amax) and dark respiration (Rd) were regressed against meteorological and phenological variables. 
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2. Download full-size image (Fig. 1) . This topographic relief increases the potential for advective transport of CO2, which could lead to underestimates of C exchange measured at the top of the eddy covariance flux tower.
Advective losses are a well-known challenge when using the eddy covariance technique and have been dealt with in several ways; the most common being the application of a ustar (friction velocity) threshold filter to exclude data when atmospheric turbulence is not developed enough to minimize horizontal advective transport (Aubinet, 2008; Aubinet et al., 2012) . Following the ustar filter threshold selection approach of Barr et al. (2013) , the high ustar threshold determined at BEF (0.5 m s −1 ), in addition to other data gaps resulted in exclusion of >90% of available nighttime data (Fig. 2) .
Despite this tradeoff in data quantity, using only high quality, ustar filtered data, resulted in good agreement with biometric approaches.
The use of biometric data to estimate NEP, GPP, and Re requires estimates of C flux to several ecosystem pools that are extremely difficult to measure. At BEF aboveground fluxes of net primary production are relatively well-constrained, while belowground C fluxes to fine roots and especially mycorrhizal fungi have higher uncertainty. However, not including estimates of these difficult-to-measure fluxes resulted in an inconsistency between biometric and eddy covariance estimates of gross and net C fluxes. In lieu of making individual estimates of fine root and mycorrhizal production, a mass balance approach to estimate total belowground carbon allocation (TBCA) described in (Davidson et al., 2002) , can be used, although it does not distinguish between fine root and mycorrhizal fungi production. This approach assumes that soil carbon stocks are at or near steady state and requires only estimates of soil respiration and aboveground fine litterfall. At BEF, TBCA was estimated at 656 ± 54 g C m ). This mass balance approach also yields estimates at a fine temporal resolution and may capture important phenological events (Davidson et al., 2006) . At BEF estimates of Rabv using this mass balance approach highlight the phenological influence on aboveground respiration, with Rabv contributing a relatively large proportion of Re during spring leaf out (and the onset of wood growth) and during autumn leaf senescence (Fig. 3b) .
The consistency of our initial C flux estimates with mass balance approaches that used soil respiration, aboveground litterfall, and ReEC to calculate TBCA and Rabv, demonstrate the benefit of including these as routine data streams at eddy covariance network sites.
Including soil respiration and litterfall measurements at flux sites provides valuable information on both above and belowground ecosystem C fluxes allowing for not only cross validation of ecosystem C fluxes but the ability to more rigorously test ecosystem models (McFarlane et al., 2014; Phillips et al., 2017 Interannual variations in GPP, Re, NEP, and parameters describing light response functions are determined by both direct and indirect drivers, and have the potential to provide insight into how ecosystems might respond under future climate. A complication in understanding the drivers of interannual C variation from eddy covariance is the abundance of gap-filled data. At BEF, on average, 90-95% of nighttime and nearly 50% of daytime fluxes during the growing season were gap-filled. It is thus not surprising that interannual variation in gap-filled GPPEC and ReEC were strongly related to temperature and incoming PAR, the two variables used to parameterize the gap-filling models.
Although short term (hours to days) changes in temperature and PAR are frequently correlated to short term variations in C fluxes (and hence why they are used in gapfilling models), they may not be directly related to interannual variation in C fluxes. Several studies have shown the importance of variation in the biotic response to abiotic drivers, especially for regulating interannual carbon flux variation (Richardson et al., 2007) . Data from BEF support a similar conclusion. For example, using only highquality, raw (not gap-filled) data, the strong relationship between growing season canopy Amax (and Rd) and the length of the vernal window suggests that indirect mechanisms (biotic responses) are important in regulating canopy C exchange.
Mechanisms through which the length of the vernal window can influence canopy photosynthesis are not well understood. In the northeastern US, a longer vernal window has been correlated to winters with a reduced snowpack (Contosta et al., 2016) .
Other studies have repeatedly linked reduced snowpack to an increase in soil freezethaw events and increases in the loss of nutrients through both dissolved and gaseous pathways (Matzner and Borken, 2008; Song et al., 2017) . For example, at the Hubbard Brook Experimental Forest (40 km west of BEF), both experimental (Campbell et al., 2014; Fitzhugh et al., 2001 ) and observational studies across a climate gradient (Durán et al., 2016) have shown increased losses of nitrogen and decreased N availability following winters with reduced snowpack. Whether decreases in soil nutrient availability prior to leaf out results in decreased foliar biomass, lower canopy nitrogen content, or reduced photosynthetic capacity is still unknown. However, leaf area index (LAI) is often limited by soil nutrients and water (Cowling and Field, 2003) , and numerous studies have shown significant increases in foliar biomass and LAI following fertilization, e.g. Gower et al. (1992) .
In addition to reductions in nutrient availability, earlier snowmelt has been shown to intensify forest hydrological cycles and increase springtime runoff (Creed et al., 2015) .
Late growing season water stress related to earlier snowmelt has also been suggested as the driver of decreases in peak growing season productivity in boreal forests (Buermann et al., 2013) and temperate forests of the western US (Hu et al., 2010) . At BEF the length of the vernal window is negatively correlated to soil moisture during the month prior to leaf out (r A few studies in temperate forests have found lagged effects on C fluxes (e.g. Howland Experimental Forest, Maine; (Richardson et al., 2013) ). At BEF we did not detect a correlation between prior year meteorological conditions or C uptake, with current year C fluxes. In other work at BEF, found that in stem wood of Acer rubrumtrees, the nonstructural carbohydrate pool included both fast (younger) and slow (older) cycling subpools that could support growth and respiration of woody tissues. The lack of a correlation we see between wood growth and prior year climate and C fluxes may in part be the result of the growth habit of foliage of tree species at BEF. At BEF foliage and new shoots of the majority of the dominant species within the flux tower footprint have an indeterminate growth habit, meaning that during and after spring leaf expansion from the winter bud, the shoot apex remains active and continues to initiate additional leaves and shoot internodes if conditions are favorable. Of the dominant species only American beechand sugar maple tend to have determinate type foliar and shoot growth, where the number of leaf buds (number of leaves) is determined at the end of the preceding growing season. Many ecosystem models allocate C to foliar growth based more on a determinant type growth.
Wood growth
Despite the importance of wood growth for a variety of ecosystem services, we still do not fully understand the mechanisms controlling variability in wood growth and how they may respond under future climate scenarios. Evidence from broad-scale analyses suggest a tradeoff between C allocation to wood versus fine roots, reflecting a tradeoff between acquiring growth limiting nutrients and/or water and competition for space in the sunlit canopy (Dybzinski et al., 2011; Litton et al., 2007) . Whether this tradeoff at ecosystem scales occurs interannually within an ecosystem is unknown.
Alternatively, wood growth is often viewed as "source" (C supply) versus "sink" (C demand) limited (Körner, 2015) . At broad spatial scales wood growth generally correlates to GPP (Litton et al., 2007) . This is why wood growth in many terrestrial ecosystem models is primarily source-driven, where wood production is linked to the amount of gross photosynthesis. However, recent work has downplayed the importance of C source in controlling wood growth and has emphasized the importance of climatically sink-driven metabolic and phenological processes (Delpierre et al., 2016 (Delpierre et al., , 2015 Guillemot et al., 2015; Körner, 2003) . These studies indicate an earlier onset of xylogenesis, faster rates of cell division, and faster rates of cell division under warmer, wetter conditions. Our inability to detect a correlation between wood growth and either GPP or NEP at BEF suggests that interannual variations in wood growth are likely not directly "source driven." Instead, wood growth is more strongly related to early growing season air temperature and growing season soil water stress. At BEF, wood growth was higher during years with warmer air temperatures during the early growing season and in years with ample growing season soil moisture, consistent with metabolic/phenologically "sink" driven mechanisms. Further, at BEF Carbone et al. (2013) showed the importance of stored C to the growth and metabolism of woody biomass, indicating that C allocated towards wood growth relies on both recent photosynthate as well as internal reserve C pools derived from both older and recent photosynthates. At broad-scales allocation to wood growth is likely controlled by C source (GPP) as well as tradeoffs involved in acquiring growth limiting nutrients, while metabolically driven mechanisms may be important in regulating interannual variability within a site.
Conclusion
Long-term datasets using multiple approaches to estimate ecosystem carbon fluxes can provide cross validation of difficult-to-measure fluxes as well as potential insight into mechanisms that may be regulating C fluxes. At BEF, top-down and bottom-up approachesto estimate gross and net C exchange agreed well at a multiyear scale and provided more confidence in several difficult-to-measure C fluxes such as aboveground components of ecosystem respiration and belowground allocation to mycorrhizal fungi.
The results from BEF also suggest several potential relationships that may be important to understanding forest ecosystem C fluxes under future climate. These include potential indirect effects of winter and spring climate (vernal window) on growing season photosynthesis, as well as direct metabolic (sink-driven) mechanisms driven by growing season climate. Such mechanisms warrant future study to assess their importance and to allow for their potential inclusion in models aimed at predicting ecosystem C dynamics under future conditions. 
